Key points
-XLF belongs to the NHEJ ligation complex and has a dual role in DNA double strand break repair and V(D)J recombination -XLF is involved in N-nucleotide addition and thereby contributes to junctional diversity of the antigen receptors 1,2 These RAG1 and RAG2 proteins are lymphoid specific, but the subsequent repair of the DNA DSBs occurs via the ubiquitously expressed non-homologous end joining (NHEJ) DNA repair pathway. After RAG cleavage, the DSBs are recognized by the DNA-PK complex, which consist of the DNA-PK catalytic subunit (DNA-PKcs) and the KU70/KU80 heterodimer. 3, 4 Subsequently, the ARTEMIS protein opens the hairpin-sealed coding ends, which are formed by the RAG proteins. 5 Finally, the coding ends are ligated by the DNA ligase IV (LIG4)/XRCC4 complex in conjunction with Cernunnos/XLF. [6] [7] [8] [9] Recently, a new NHEJ factor called paralog of XRCC4
and XLF (PAXX) has been described. PAXX directly interacts with Ku and promotes DNA ligation, however the exact role of this protein in V(D)J recombination is not yet known. 10, 11 The diversity of the antigen receptors created during V(D)J recombination has been estimated to be over 10 12 . Part of the diversity arises from different combinations of the V, D and J genes (2x10 6 ), but to obtain the needed variability in the receptors, the DNA ends are processed during V(D)J recombination. In case of asymmetric opening of the hairpins, palindromic (P) nucleotides can be formed. In addition, nucleotides can be deleted by
For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From exonuclease activity and non-templated (N) nucleotides can be inserted by terminal deoxynucleotidyl transferase (TdT) at the coupling sites (junctions) of the V, D, and J genes. 12 These processing events lead to the junctional diversity of IG and TR rearrangements, which has an enormous impact on the final repertoire diversity.
Defects in V(D)J recombination block the development of T and B cells, which results in a (severe) combined immunodeficiency. [13] [14] [15] In addition, patients with defects in NHEJ have increased sensitivity to IR, and can present with growth retardation and neurological abnormalities. 7, 16, 17 XLF deficiency in human results in extreme sensitivity to IR, microcephaly, and growth retardation, but the effect on the immune system is variable (mild-to-severe immunodeficiency). 6, 7, 18 Studies in XLF deficient mouse models have confirmed the severe sensitivity to IR and chromosomal instability, but the V(D)J recombination defect seemed relatively mild. 19, 20 So far, the most important action of XLF seems to be the stimulation of 
Methods

Cell samples and flow cytometric immunophenotyping
Peripheral blood, bone marrow and a skin biopsy were obtained with informed consent and according to the guidelines of the local Medical Ethics Committees. Flow cytometric analysis of peripheral blood was performed as previously described.
25
Clonogenic survival assay
Clonogenic survival assays with primary skin fibroblasts from patient XLF1 and XLF5 was performed as described previously. 26 In short, primary skin fibroblasts in exponential growth were trypsinized, and 500-2,000 cells (5,000-80,000 cells for the highest doses) were seeded into 10 cm plastic dishes (2 dishes per dose) and irradiated at room temperature at a dose of approximately 1 Gy/min. After 12-14 days, the cells were rinsed with 0.9% NaCl and stained with 0.25% methylene blue for survival assessment. Two independent survival experiments were performed. The results were compared to fibroblasts obtained from patients with defects in ARTEMIS (n=7), LIG4 (n=1), and XRCC4 (n=1).
27,28
Analysis of DH-JH junctions from bone marrow and IGH, IGK, IGL and TRD junctions from peripheral blood
DNA was isolated from bone marrow mononuclear cells of peripheral blood mononuclear cells. DH-JH coding joints were amplified by PCR with family-specific DH primers and a consensus JH primer as previously described 29 followed by cloning of the PCR products into pGEM-T Easy (Promega). The IGH, IGK, IGL, and TRD junctions were amplified from postficoll peripheral blood (PB) mononuclear cells in a multiplex PCR using the BIOMED-2 VH1-6 FR1 and JH consensus (IGH), Vk2 and Vk3 forward and the JK1-5 reverse primers (IGK), Vl1/2 and Vl3 forward and Jl1/2/3 reverse primers (IGL), and the Vd2 forward and using low-complexity 300 base pair paired end sequencing (V3 chemistry).
The reads were uploaded to IMGT HighV-Quest. 31 Subsequently these output files were analyzed using the IGGalaxy tool and R studio. 32, 33 For the analysis we only used the unique productive or unique unproductive rearrangements in which unique is defined as junctions having the same V, same J and same nucleotide sequence of the CDR3. Information about the composition of the junctional regions was extracted from the data provided by IMGT HighVQuest. The majority of the TRD rearrangements we analyzed contained only 1 D gene.
Therefore we used only the VDJ rearrangements, except for the analysis used for Figure 4 in which it is indicated that we analyzed either VDJ or VDDJ rearrangements.
TRB analysis
TRB rearrangements were amplified and sequenced using 5'RACE and Illumina sequencing as described previously. 34 Data analysis was performed as describe above. The data from the two controls was published before. 19, 20 We reanalyzed the junctions and determined the deletions, N-nucleotides and P-nucleotides.
TdT expression
TdT expression was previously determined by microarray analysis in sorted B and T cell subsets. 35, 36 TdT protein expression levels were determined by flowcytometry using control BM and thymus as previously described.
25,35
Statistical analysis
Differences in numbers of N-and P-nucleotides and deletions were analyzed using the nonparametric Mann-Whitney U test (2-tailed; P < 0.05 was considered significant) in the GraphPad Prism program (GraphPad Software).
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Results
XLF deficiency results in hypersensitivity for ionizing radiation but relative moderate immunodeficiency
So far, 15 XLF deficient patients have been described in the literature. 6, 7, 18, [37] [38] [39] In this study we describe nine additional patients ( Table 1 ). All patients (except P3) 18 had microcephaly and growth retardation. The XLF deficient patients suffered from recurrent (opportunistic)
infections, but in contrast to "classical" SCID patients with defects in RAG or ARTEMIS, in whom the outcome is usual fatal within the first year life unless they receive hematopoietic stem cell transplantation (SCT), the XLF deficient patients survived beyond the first year of life without SCT. In fact, the 12 patients described in literature and in this study in which immunophenotyping was performed were between 11 months and 14 years old at evaluation (Table 2) . However, the numbers of lymphocytes, as well as CD4+ and CD8+ T cells were reduced or low. The B cells were strongly reduced or absent, especially in the older patients.
( Table 2 ).
In line with previous studies, 6,40 the fibroblasts from patient XLF5 and XLFP2 were highly sensitive to IR ( Figure 1A ). The sensitivity was comparable to LIG4 and XRCC4 deficiency.
Interestingly, fibroblasts of ARTEMIS deficient patients are less IR sensitive.
These data suggest that XLF is crucial for DNA DSBs in cells given the strongly increased sensitivity to IR in XLF deficiency and that absence of XLF results in reduced B and T cells.
Antigen receptor repertoire analysis in XLF deficient patients
To 
Composition of the junctions in an XLF deficient patient and Xlf deficient mice is changed
Besides combinational diversity, the total diversity of the antigen receptors is also heavily influenced by junctional diversity. Therefore we studied DH-JH junction characteristics in XLF deficient bone marrow derived precursor B cells. Recombination of the DH gene to the JH gene is the first rearrangement occurring during IGH recombination, and therefore suitable to study the V(D)J recombination process in recombination deficient patients. Interestingly, DH-JH junctions in XLF deficient patient XLF1 had normal numbers of deletions and Pnucleotides, but strongly reduced numbers (0.1 vs 8.1 in controls) of N-nucleotides (Supplemental Figure 3A) . This reduction was larger and significantly different from a LIG4 deficient patient. In contrast to XLF1, the LIG4 patient had a strong increase in the number of deletions, which explains the lower number of N-nucleotides. In addition, we reanalyzed junctions derived from Xlf deficient mouse lymphocytes which were previously published. 19, 20 Although, it was previously suggested that the junctions in Xlf deficient mice were normal, both the junctions derived from thymocytes and the Igh junctions had a significant decrease of 1.8 (P-value 0.0109) and 1.3 (P-value 0.011) N-nucleotides, respectively (Supplemental Figure 3B) .
Analysis of TR and IG rearrangements using next generation sequencing
To further assess the role of XLF in junctional diversity, we analyzed V(D)J junctions using NGS and evaluated three junctional region characteristics: (i) the number non-templated (N) nucleotides, which are inserted by TdT, (ii) the number of nucleotide deletions, and (iii) the number of palindromic (P) nucleotides, which arise due to assymetric hairpinopening by ARTEMIS. For correct interpretation of the number of N-nucleotides, it is important to note that TdT mRNA and protein expression is highest during early rearrangements (IGH, TRD, TRG) ( Figure 2A ) and lower during late rearrangements (IGK, IGL and TRB)
rearrangements. All rearrangements, except for TRB, were studied at DNA level, allowing to study both the productive rearrangements and the unproductive rearrangements. These unproductive rearrangements are out-of-frame or contain a stop codon, and consequently have not been selected. Depending on the availability of the patient material we used 1-6 patients and 2-10 age matched controls per rearrangements. We analyzed unique junctions, which we defined as a unique combination of V, J and nucleotide CDR3 sequence. The numbers of unique rearrangements are listed in Supplemental table 1.
Overall, the numbers of N-nucleotides in early rearrangements was much higher than in late rearrangements. The numbers for IGK and IGL rearrangements are also lower, because these are single-step rearrangements. In line with the DH-JH junctions and the junctions derived from Xlf deficient mice, the median number of N-nucleotides per junction in XLF deficient (Figure 2A and 3) . Similarly to the TRB junctions in mice (Supplemental Figure 3B ) no difference in the number of N-nucleotides was observed in TRB junctions in XLF deficient patients.
Since XLF works together with XRCC4 and LIG4 in the ligation complex, we wanted to know if the reduction of N-nucleotides is specific for XLF deficiency or it is related to a defect in the ligation complex. Therefore we analyzed unique productive and unproductive IGH rearrangements derived from seven XRCC4-and LIG4 deficient patients. These patients also had a significant reduction in the number of N-nucleotides (7nt vs 11nt in the controls) ( Figure 2B ), however, the reduction was significantly less than observed in XLF deficient patients (3.5nt). This suggests that defects in the ligation complex lead to reduced addition of N-nucleotides, but the largest reduction in the number of N-nucleotides is specific for XLF deficiency.
Besides the reduced number of N-nucleotides, the percentage of rearrangements with low number of N-nucleotides was increased (Figure 4) . In TRD and IGH rearrangements the percentage of rearrangements that have low numbers of N-nucleotides (1-3 N-nucleotides) were is much higher compared to the controls. Also in the IGK and IGL rearrangements the percentages of rearrangements with 0 N-nucleotides were much higher (63.4% vs 32.6% and 57.7% vs 33.8%) in XLF deficient patients (Figure 4) . Only in TRB rearrangements no difference was observed. These data imply that the junction diversity of TRγδ and IG is much lower in XLF deficient patients.
Reduced N-nucleotides result in a shorter CDR3 length
The diversity and the length of the CDR3 region are influenced by both the insertion of Nnucleotides and deletion of nucleotides during V(D)J recombination. In contrast to the low
of N-nucleotides, the number of deletions and P-nucleotides were normal in all productive and unproductive IGH, IGK, IGL, TRD and TRB rearrangements ( Figure 2C and Figure 3B ).
The median CDR3 length in IGH rearrangements is 48nt and the median number of Nnucleotides is 11, so the N-nucleotides contribute for approximately a fourth of the total IGH CDR3 length. This holds also true for TRD were the total number of N-nucleotides can even be higher if multiple D genes are used. The median number of N-nucleotides in TRB rearrangements (6.5nt) is lower and very low in IGK (2nt) and IGL (2nt), therefore the number of N-nucleotides contribute less to the CDR3 length in these rearrangements. In line with this, we found that the median CDR3 length in IGK and TRB was not reduced and only 3nt shorter in IGL rearrangements ( Figure 5A ). However, the XLF deficient patients had the strongest reduction in the number of N-nucleotides in IGH and TRD, and consequently the CDR3 length was strongly decreased with approximately 9nt in IGH and 6nt in TRD ( Figure   5A ). This implies that the CDR3 protein sequence is 2-3 amino acids shorter. Such reduction in the number of N-nucleotides has great impact on the junctional diversity and thereby on the total diversity of the IG and TRD repertoire.
No difference in bias of nucleotide incorporation by TdT
Although TdT adds random nucleotides to single-stranded DNA, the nucleotide incorporation is biased. Several studies have shown that TdT preferentially uses dGTP and dCTP. 41, 42 Therefore, we analyzed the total number of N-nucleotides per rearrangement and determined the percentage of A, T, C and G nucleotides. In line with the previous studies, we observed in all rearrangements that more than half of the N-nucleotides were either dGTP or dCTP ( Figure 5B). This was not different in the XLF deficient patients, implicating that only the number of N-nucleotides is reduced. lymphocytopenia in Xlf-/-mice, 44 and that Xlf-/-thymocytes have increased expression of P53-associated pro-apoptotic genes, which likely makes them more prone to apoptosis.
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In this study, we have showed that XLF deficiency results in a strong reduction in the number of N-nucleotides. The largest reduction of N-nucleotides was observed in IGH and TRD rearrangements, which are early rearrangements taking place during differentiation stages with high TdT expression and where normally many N-nucleotides are added (Figure 2A ).
This reduction was not caused by increased removal of the N-nucleotides, since the number of deletions was normal. In XRCC4 and LIG4 deficient patients the number of N-nucleotides was also decreased in IGH rearrangements, but still the total number was significantly higher than in the XLF deficient patients. These data suggest that the ligation complex is important for N-nucleotide addition, and that XLF plays a dominant role.
During IGK, IGL and TRB (late) rearrangements TdT expression is lower, and less Nnucleotides are added per junction. However, we could still observe a reduction in the number of N-nucleotides in IGK and IGL rearrangements in the XLF deficient patients. Surprisingly, no reduction in the number of N-nucleotides was observed in TRB rearrangements in the XLF deficient patients ( Figure 2B ) and the Xlf deficient mice (Supplemental Figure 3B) . In TRB showed preferential use of the DH-proximal VH genes IGHV6-1 and IGHV1-2, and the JHproximal IGHD7-27 genes in the fetal IGH rearrangements. In contrast, the use of IGHV6-1, IGHV1-2 and IGHD7-27 was normal in the XLF-deficient patients (data not shown), suggesting that it is not likely that the XLF-deficient patients have an increased frequency of the fetal derived lymphocytes. We rather think that XLF is important for the position, recruitment, or activation of TdT, however the exact mechanism needs to be unraveled. Since For 
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